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Abstract: Analyzing and assessing potential impacts of climate change are critical and challenging
tasks that require the processing of large and heterogeneous datasets. These analyses are particularly
demanding because of the multi-scale and multi-objective nature of environmental modeling for climate
change impact assessment. The Climate Impacts: Global and Regional Adaptation Support Platform
(ci:grasp) is a web-based climate information service for exploring climate change related information in
its geographical context. In this paper, we show how the agile workﬂow development style supported by
the jABC process modeling and execution framework permits us to leverage the processes implemented
in the ci:grasp platform to a user-accessible level, and thus to enable users to easily deﬁne and perform
multi-objective workﬂows tailored to their speciﬁc needs. Concretely, we discuss how we decomposed
the ci:grasp’s original assessment of the impact of sea level rise into basic computational services,
which we then used as workﬂow building blocks. Together with additional functionality from the jABC, we
built a ﬂexible library of directly executable workﬂows for this type of analysis that is especially suitable
to increase the productivity of researchers working on the analysis processes.
Keywords: scientiﬁc workﬂows; agile methods; model-driven development; climate information; climate
impact risk assessment

1

I NTRODUCTION

Analyzing and assessing potential impacts of climate change are critical and challenging tasks that
require the processing of large and heterogeneous datasets. These analyses are particularly demanding
because of the multi-scale and multi-objective nature of environmental modeling for climate change
impact assessment [Lissner et al., 2014; IPCC, 2007]. Today there are numerous researchers working
in climate impact analysis and related areas. Harmonization efforts of scenarios and input data for
impact modeling allow for the ﬁrst time to compare results and assess major sources of uncertainty
[Warszawski et al., 2014]. There is a large number of emission scenarios, climate models, impact
models and fundamental modeling assumptions available. For example, for sea-level rise (SLR), climate
change is assessed with respect to the potential loss of agricultural production, calories available and
effect for food security [Pradhan et al., 2014], but also with respect to properties of rural and urban
damage functions [Boettle et al., 2013]. To this end, heterogeneous data (such as, e.g., elevation, landuse, population density or yield data) has to be used, which comes in different formats and at different
scales, requiring adequate integration and aggregation. Summarizing, combining modeling approaches,
various data sources, multiple objectives and basic assumptions for climate impact assessment is a
complex challenge.
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The emergence of new software engineering approaches and tools such as service-oriented, modeldriven methodologies and workﬂow technologies offers some solutions for the complexity challenges
mentioned above.
Recently agile methods in the spirit of [Beck et al., 2001] have become increasingly popular in software
development. Their core principle is to open the software development work to customers and users, in
order to improve the productivity, quality and stakeholder collaboration and satisfactions. Therefore, it
values ”individuals and interactions over processes and tools, working software over comprehensive
documentation, customer collaboration over contract negotiation, and responding to change over
following a plan” [Beck et al., 2001]. The eXtreme Model-Driven Design (XMDD) paradigm [Kubczak
et al., 2009; Margaria and Steffen, 2012] is an extreme version of model-driven development that
supports a very agile and cooperative development of service-oriented systems by turning system
development into user-centric orchestration of intuitive service functionality [Margaria and Steffen, 2009].
The multi-purpose process modeling and execution framework jABC[Steffen et al., 2007] is the current
reference implementation of the XMDD paradigm.
The aim of this paper is to show how climate impact analysis processes implemented in the ci:grasp
platform1 are leveraged to a user-accessible level by the agile workﬂow development style supported by
the jABC, enabling users to easily deﬁne and perform multi-objective workﬂows tailored to their speciﬁc
needs. Section 2 gives an overview about the ci:grasp platform and the SRTM package. Section 3 gives
a brief introduction to the jABC framework. Section 4 discusses service integration and agile workﬂow
design by means of an example scenario that addresses the assessment of climate impacts due to
sea-level rise. Finally, Section 5 discusses conclusions and future work.
2

T HE

CI : GRASP

P LATFORM

AND THE

SRTM PACKAGE

The ci:grasp project is a web-based climate information service. It aims to support decision makers
to better understand impacts from climate change, to prioritize adaptation needs, and to plan and
implement appropriate adaptation measures [Wrobel et al., 2013; Wrobel and Reusser, 2014]. It models
climate information and related knowledge in the form of text, maps, and graphs. Main drivers for
climate change included on ci:grasp are sea level rise (SLR), change in temperature and precipitation
and increased drought risk. These drivers, as well as more frequent extreme events expected under a
changing climate, provide a high risk for human lives and cause massive economic damages. Figure 1
gives a short overview of the information presented on ci:grasp.

Figure 1. Overview of the information available on ci:grasp
1 http://www.cigrasp.org
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Here, we will use SLR related impacts as one example to demonstrate the power of agile workﬂow
development as a way to easily deﬁne and perform multi-objective workﬂows in a tailored mannor.
For SLR, the ﬁrst step is identifying vulnerable areas in order to locate potential need for prevention
measures. For the efﬁcient identiﬁcation of potentially ﬂooded areas, a package [Kriewald, 2013] for the
data analysis language R [R Core Team, 2014] processing of elevation data from the Shuttle Radar
Topography Mission (SRTM) [Jarvis et al., 2008] as a basis for results presented on ci:grasp. Ci:grasp
then allows users to adjust parameters and explore results for coastal regions over the world in an
interactive viewer.

3

T HE J ABC M ODELING F RAMEWORK

The jABC [Steffen et al., 2007] is a multi-purpose and domain-independent framework for model-driven
application development. It inherits the power of eXtreme Model-Driven Design (XMDD) [Kubczak
et al., 2009; Margaria and Steffen, 2012] to enable end users easily to use and compose services
into agile workﬂows. It provides them with a comprehensive and intuitive graphical user interface
that facilitates workﬂow development. jABC users easily develop workﬂow applications by composing
reusable building-blocks (called Service-Independent Building Blocks, or SIBs) into hierarchical (ﬂow-)
graph structures (called Service Logic Graphs, or SLGs) that are executable models of the application.
The workﬂow development process is furthermore supported by an extensible set of plugins providing
additional functionalities, so that the SLGs can be analyzed, veriﬁed, executed, and compiled directly
in the jABC. This way of handling the collaborative design of complex software systems has proven
to be effective and adequate for the cooperation of non-programmers and technical people. Recently
the framework has also been extended by functionality for semantics-based semi-automatic service
composition [Lamprecht et al., 2010; Naujokat et al., 2012], which has been shown to be beneﬁcial
especially for dealing with variant-rich scientiﬁc workﬂows [Lamprecht, 2013].

4

E XAMPLE : SLR W ORKFLOWS

This section deals with the combination of ci:grasp (or more speciﬁcally the SRTM tools) and the jABC
to achieve an intuitive and ﬂexible handling of the underlying computational processes. In Section 4.1
we explain how we turned the original srtmtools package into a collection of services that can be used
as workﬂow building blocks in the jABC. In Section 4.2 we then sketch some workﬂow variations of the
sea-level rise (SLR) impact assessment that can easily be adapted by users in order to follow their
speciﬁc objectives.

4.1

Serviﬁcation of the SLR climate impact assessment tools

The service orientation paradigm postulates that any kind of computational resource should be seen
and handled as a service – that is, a well-deﬁned unit of functionality with a well-deﬁned interface – to
provide a high level of abstraction and reusability (cf., e.g., [Margaria, 2007]). Of course, this postulate
also holds for the complex processes and applications that have been developed for climate impact
assessment. With the term serviﬁcation we refer to the process of turning arbitrary software components
into proper services that are adequate, for example, for (re-) use in workﬂow management systems.
For the serviﬁcation of the SLR impacts assessment tools described in Section 2, the various existing
R scripts, which have been used to produce the data available on the ci:grasp platform, have been
decomposed into separate and independent functions and equipped with well-deﬁned inputs and outputs
in order to provide proper services adequate for the envisaged application. Technically, these services
are currently simply provided in the form of autonomously running R scripts, so that they can easily
be encapsulated into SIBs and be used as workﬂow building blocks within the jABC. Concretely, 16
services have been created until now, which can be categorized in four groups:
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• Data loading (of elevation data, land use data, caloric data and population data)
• Computation (of ﬂooded areas, yield loss, caloric energy loss and land loss classes)
• Resampling (of land use data with ﬂooded areas, population data with ﬂooded areas, and yield
data with land use data )
• Output generation (creation of PNG, PDF, TXT, GeoTiff/ASCII output ﬁles and result visualization
in an interactive map)
In the jABC, the SIBs accessing these speciﬁcally developed impact assessment services can then be
combined with already existing SIBs, which provide additional functionality for, e.g., data input/output,
for evaluating conditions and for basic user interaction. Based on this large library of services, the SLR
impact assessment was reconstructed in a ﬂexible workﬂow-based way. This is discussed in the next
section.
4.2

Agile workﬂow design

The example of SLR impact assessment that we detail in the following addresses effects on livelihood
and society based on different datasets. The agile workﬂow development style allows to ﬂexibly consider
multiple objectives and different user’s preferences regarding inputs and outputs.

Figure 2. Workﬂow for SLR impact assessment regarding yield loss.

Figure 2 (center) shows a simple workﬂow for assessing the impact of sea-level rise on the agricultural
yield loss for a region to be selected by the user. From left to right (the SIB with the underlined name
denotes the starting point), it performs (1) selection of the working directory for input and output data; (2)
deﬁnition of the investigated area by coordinates of name; (3) downloading the digital elevation model
of the selected area; (4) entering of the magnitude of sea level rise; (5) computation of the ﬂooded area;
(6) computation of the yield loss due to the ﬂooding; and (7) generation of an output ﬁle with results
in PDF format. Some of the SIBs are marked by a green circle, which indicates that the functionality
represented by this building block is actually more complex and deﬁned by a separate (sub-) model. For
example, SIB (3) encapsulates a (sub-) model for the selection and loading of elevation data (shown at
the top of the ﬁgure). As another example (shown at the bottom of the ﬁgure), the SIB (6) is a composite
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Table 1. Objectives to assess SLR impacts.
SIB

Description

compute rural and urban GDP at risk

focuses on potential economic damage in coastal
communities
focuses on the number of people that would be
affected
compute potential production value affected in USD
determine the area that will be potentially inundated
focuses on the economic value of the agricultural
loss
focuses on the potential number of peoples annual
diets lost

compute population at risk of migration
compute potential yield loss
compute potential land loss (ha)
compute potential production affected ($)
compute potential caloric energy loss

service that allows for the computation of several types of yield loss for different climate scenarios. Note
that it again makes use of other (sub-) models. This hierarchical modeling style allows to organize
workﬂow applications in different levels of abstraction, from coarse-granular and more conceptual views
at the higher levels, down to ﬁne-granular and more technical views at the lower levels.

Figure 3. Workﬂow for SLR impact assessment with preconﬁgured variation points.

Figure 3 shows an extended workﬂow for SLR impact assessment with preconﬁgured variation points,
which make it easy for the user to build variants of the basic workﬂow described above: he/she just
needs to change the execution path to including another of the options from the variation points, simply
by dragging the connecting branches to other SIBs. Variation point 1 allows for the easy modiﬁcation of
the way the considered region is deﬁned. Instead of directly entering the coordinates, it is also possible
to enter the name of a place or an address that is then used as the center of the region, and to select a
region interactively from a map. Variation Point 2 comprises a collection of composite SIBs performing
different computations, according to different objectives to assess SLR impacts, as summarized in
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Table 1. As has been sketched in Figure 2, all these computations are in fact realized by separate
workﬂow models. Variation Point 3 contains SIBs that are responsible for creating different output
formats. Users can easily select one or more formats for the output of the ﬁnal results, choosing from (a)
static maps in different formats (jpeg,pdf,png,ps), (b) an interactive map using an R interface [Kilibarda,
2013] for the Google Maps API2 , (c) a text-ﬁle containing some summary and statistic information
and (d) a geo-referenced ﬁle (GeoTiff, ASCII) which can be used for further external GIS processing.
Through these variation points, adjustment of the assessment is accessible at the user level, even
without classical programming skills.
Due to the limited space in this paper, we only demonstrate a few of the many possible workﬂow
variations here. The full project provides a comprehensive agile and ﬂexible library of directly executable
workﬂows, currently comprising around 20 models composed of more than 180 SIBs and spanning
three hierarchy levels.With this library workﬂows for various kinds of SLR analyses can be easily and
ﬂexibly created according to the user’s objectives and preferences.
5

C ONCLUSION

During the last decade, numerous scientiﬁc workﬂow technologies have emerged to facilitate and
support the composition and execution of complex analysis processes. Systems like Taverna [Hull et al.,
2006], Kepler [Ludäscher et al., 2006], and VisTrails [Freire et al., 2011] (to name just a few prominent
examples) are multi-purpose workﬂow management systems that have been used for applications also
in the geospatial domain (cf., e.g., [Jaeger et al., 2005; Pratt et al., 2010; Turuncoglu et al., 2013; Santos
et al., 2012]). Focusing on different aspects of scientiﬁc processes, also from different backgrounds and
perspectives, all these systems have their individual characteristics. Which systems is most suitable in
the concrete case naturally depends on the requirements of the concrete applications. In this paper
we showed how the particularly agile workﬂow development style supported by the jABC process
modeling and execution framework permits us to leverage the processes implemented in the ci:grasp
platform to a user-accessible level, and thus to enable users to easily deﬁne and perform multi-objective
workﬂows tailored to their speciﬁc needs. This allows us to use the jABC framework to address the
complexity challenges of climate impact risk assessment discussed earlier. The described level of agility
is achieved essentially by:
• rigorous service orientation, turning basic components as well as their compositions into ﬂexibly
reusable pieces of functionality,
• hierarchical modeling that allows to represent processes on different levels of abstraction, ranging
from completely user-accessible top-level workﬂows that hide all technical details to ﬁne-granular
service compositions on the lower levels, and
• an intuitive graphical interface that makes it easy also for non-programmers to design and adapt
workﬂows according to their speciﬁc preferences and constraints.
Note that with the work we describe in this paper and the work that is planned in the near future we
address the problem of workﬂow development mainly on the modeling level, that is, on the layer where
the service composition takes place. Resource issues like dependability and QoS are addressed inside
the computation layer, which is shielded by the services so that they are not explicitly visible at the
modeling level (that is intended to be usable also by end-users). In other words, on the workﬂow
modeling level we consider so far only functionality. If there were rich, multifaceted ontologies describing
alternative implementations of the same service (comprising information on computation platforms,
speed, resources, availability, etc.), then we could also take into account compatibility issues and
preferences between alternatives. To the best of our knowledge, there is currently no such ontology
available. In fact, the Semantic Web Service Challenge [Petrie et al., 2009], taking place from 2006 to
2009, basically suffered from this lack of information, and the world does not seem to have changed
signiﬁcantly since. Hence, we will for now continue to focus on the actual workﬂow modeling level.
2 https://developers.google.com/maps/
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For the exemplary scenario of assessing the impact of sea-level rise, we discussed how we decomposed
the ci:grasp’s original implementation into basic computational services, which we then used as workﬂow
building blocks. Together with additional functionality from the jABC, we built a ﬂexible library of directly
executable workﬂows for this type of analysis. We are going to provide it to the impact assessment
community in two ways ﬁnally: First, as full jABC workﬂow projects that are especially suitable for
increasing the productivity of researchers working on the analysis processes. Second, as preconﬁgured
versions of individual workﬂows that are made available via the ci:grasp website, allowing web site
users to easily repeat the impact assessment with own locally available data In a next step, other
impact assessment models than the one applied in ci:grasp may go through a similar serviﬁcation
process, extending the library with additional and alternative services. Moreover, more ﬂexible inclusion
of various, heterogeneous data sources can be achieved with additional SIBs.
Furthermore, it will be beneﬁcial to improve the multi-objective and multi-scale risk assessment by the
use of semantics-based workﬂow design methodology, similar to the work described by [Lamprecht,
2013]. As the successful application of such methodologies crucially depends on adequate domain
modeling, a major part of our future work will focus on the application and design of domain-speciﬁc
ontologies. Once a semantic-based workﬂow design is available, the integration of the computational
part of an impact assessment into a broader adaptation cycle will be possible.
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